The protein mediated approach is a common method for the synthesis of photoluminescent gold quantum clusters (GQCs), where proteins, acting as reducing and stabilizing agents, react with gold salts through cysteine residues. For the better understanding of the phenomenon, the aqueous phase reaction of HAuCl4 and L-cysteine has been investigated at the supramolecular level by various experimental techniques and molecular mechanics simulations. We have observed the formation of a novel photoluminescent product, (AuCys)n β , which shows emission in the orange region of the spectrum. Small-and wide-angle X-ray scattering (SWAXS) measurements have revealed the presence of nanosized lamellae, which have an internal multilayer superlattice structure with a characteristic periodic distance of 1.3 nm. Based on the results, the layers are built up by zigzag shaped (AuCys)n polymer chains connected through aurophilic bonds. The aurophilic network is stabilized via salt bridges and hydrogen bonds, which are also responsible for the interlayer interactions. Here, the evolution of the multilayer structure has been monitored by the combined application of photoluminescence spectroscopy and time-resolved SAXS. It has been concluded that there is a strong correlation between the emission and the scattering intensity, which suggests that the two-and three-dimensional aggregation of the building blocks to form sheets and multilayers are simultaneous processes. Furthermore, we have revealed that the formation and behavior of (AuCys)n β show significant differences to that of Au-L-glutathione compounds desrcibed earlier despite the similarity of L-cysteine and L-glutathione. These results evidence that L-cysteine and gold species form building blocks that can be applied expansively in supramolecular and cluster chemistry.
Introduction
Supramolecular assemblies of gold complexes show intriguing features that can be exploited in various application fields. Photoluminescence is the most spectacular attribute of these materials.
Products emitting in the visible range of the spectrum can be applied in fields of analytics, sensorics and photoluminescence imaging. A family of luminescent gold assemblies, commonly referred as Gold Quantum Clusters (GQCs), has recently gained serious attention [1] [2] [3] [4] . In order to achieve stable, biocompatible products with a hydrophilic character, biomolecules such as peptides and proteins are often used as reducing agents and stabilizing ligands in gold quantum cluster preparation methods. 4 In a previous study, we have investigated the role of different amino acid residues in the protein-mediated synthesis of red-emitting GQCs. Tyrosine and cysteine residues of the biomolecules have been found to have an exceptional function in the process [5] . In a further research phase, we have examined the role of L-cysteine (Cys) in the supramolecular chemistry of gold.
It is known that cysteine residues reduce Au 3+ to form Au + species [6, 7] , which is a critical step in the formation of photoluminescent products [8, 9] . Recently, the chemistry of gold and biogenic thiols (including Cys) has been investigated at the molecular level. Thiols have been found to react with Au 3+ through substitution and reduction processes [10] .
[Au(H 2 O) 3 polymers; (AuCys)n β , photolumiescent supramolecular product of Au-(L-cysteine) polymers; Cys, L-cysteine; GSG, L-glutathione; GQC, gold quantum cluster; FFTEM, freeze fracture transmission electron microscopy; FTIR, Fourier-transform infrared; ICP-OES, inductively coupled plasma optical emission spectrometry; SWAXS, small-and wide-angle X-ray scattering; XPS, X-ray photoelectron spectroscopy; [10] . In a further step, oligo-and polymeric compounds form [11, 12] .
[ The (AuSR) n species can aggregate through intermolecular interactions, which results in the formation of various photoluminescent assemblies [8, [14] [15] [16] .
At high pH values, the behavior of proteins and peptides with cysteine and tyrosine residues is analogous to that of thiols. The ratio of the precursors is an important factor in the reaction. At high biomolecule:Au ratios, gold quantum clusters form. Nanoparticles are produced if the ratio of the reactants is low [5, 17, 18] . This suggests that Cys can mediate the formation of photoluminescent gold species under certain conditions. Furthermore, the investigation of the reaction of Cys and gold salts can brings us closer to the understanding of protein-and peptide-based formation of gold quantum clusters. Despite all these, the supramolecular chemistry of Au-Cys compounds has not been studied until now. Here, we report the preparation of a novel supramolecular nanostructure with orange emission, and also the analysis of the formation mechanism.
microfocus X-ray tube and an integrated parabolic multilayer mirror. Scattered X-rays were detected by a Pilatus-300k CMOS hybrid pixel detector (Dectris Ltd, Baden, Switzerland). transmission electron microscope was used for the imaging.
3.
Theory/Calculation Molecular mechanics simulations were carried out using ChemBio3D Ultra. (AuCys) 5 oligomer blocks were constructed in order to obtain the optimal set of conditions regarding the edge effects and the calculation time. The behavior of (AuCys) 5 molecules has been studied in aqueous phase.
H 2 O molecules were placed randomly in the environment of the oligomer chains. Alignment of the oligomer chains has been investigated via energy minimization using two approaches: with and without the introduction of aurophilicity.
4.

Results and Discussion
The reaction of Cys and HAuCl4 has intriguing aspects beyond the molecular level. At amino acid to gold ratios not less than 1, a yellow, non-luminescent precipitate, which will be referred as (AuCys)n α , appears rapidly after mixing the reactants. It can be dissolved easily at pH values over 12, and reacted with strong reducing agents such as NaBH4 in order to obtain gold nanoparticles.
After incubation, (AuCys)n α spontaneously transforms into an orange emitting product, which will be referred as (AuCys)n β . (AuCys)n β forms a highly stable, opalescent suspension in aqueous medium. The light scattering and colloidal properties of the suspension indicate that the size of the product is in the range of nanometers. Based on our experience, the formation of (AuCys)n β takes place in a wide pH and temperature range ( Figure S1 ). (AuCys)n β shows visible emission in the orange region at 630 nm (see Figure 1A ). Luminescence properties can be detected via examination of the incubated samples under UV light ( Figure 1B ). In contrast to the Au-L-glutathione (Au-GSH) system [15] , the incubation temperature did not have a significant effect on the emission wavelength (Table 1) .
A B
Wavelength ( Table 1 . Emission wavelength of (AuCys)n β samples with different incubation time and temperature values.
An excitation peak, along with an UV-Vis absorption peak, is located at approximately 360 nm, which is a characteristic transition of supramolecular gold compounds and gold clusters [14] [15] [16] .
The absence of plasmon absorption peaks indicated that the formation of gold nanoparticle byproducts can be ruled out [23] . Photoluminescence lifetime of the samples has been estimated, values in the range of microseconds have been obtained (1 = 0.7 s with  = 0.52, and 2 = 2.4 s
48). This is in correspondence with the characteristic emission lifetime values of GQCs
and Au + -phenylthiolate assemblies reported earlier [5, 14, [24] [25] [26] . A quantum yield value of 1.1% has been estimated for (AuCys)n β , which is in the same order of magnitude than that of BSA-protected gold quantum clusters [6] . However, the obtained value is probably lower than the actual quantum yield of (AuCys)n β , since the light scattering of the product results in an increase in the measured absorbance.
The chemical composition of (AuCys)n β has been investigated. Comparison of the binding energies (BE) of native L-cysteine and the synthesized (AuCys)n β samples via XPS showed that sulfur possesses lower BE in (AuCys)n β samples ( Figure S2 ). The significant, 0.6 eV shift manifests the SAu bonding in the (AuCys)n β , with a charge transfer from Au to S. The bond between gold and sulfur, however, has been shown to have a covalent character [27] . The BE of gold in (AuCys)n β was found to be close to that of gold nanoparticles (see Figure S3 ), which is intriguing because the formal oxidation state of gold in gold-thiolate polymers has been reported to be +1. sodium borohydride: the emission vanishes, and a purple precipitate is formed (see Figure S4 ).
Thus, we can assume that the average oxidation state of the gold in (AuCys)n β is a value between 0 and +1. The apparent quasi-metallic chemical state of gold in (AuCys)n β might be the consequence of the aggregation of multiple gold atoms creating an extended Au-Au bonding system, stabilized by the cysteine molecules.
Quantitative XPS results indicated an Au:Cys ratio very close to a 1:1 stoichiometry in (AuCys)n β (see Figure S5 ). The same ratio has been determined by the ICP-OES method. This ratio of gold atoms and the ligand molecules is characteristic of several Au + -thiolate compounds reported earlier in the literature, e. g. gold sodium thiomalate (also known as myochrysine) and Au + -phenylthiolate [14, 28] . The (AuCys)n β product, however, shows emission properties quite similar to that of the latter, which suggests a structural analogy between the two systems. According to the literature, the (AuRS)n polymers are held together by bridging thiol groups [11] . The composition of such products is in correspondence with our results. The SWAXS method was applied in order to gain information on the size and morphology of the product. In the SWAXS patterns of (AuCys)n β , shown in Figure 2 , a characteristic peak can be detected at a q value of 5 nm -1 , which corresponds to a multilayer superlattice structure with a periodic distance of 1.3 nm. This peak does not manifest itself in the (AuCys)n α intermediate (see Figure S4 ), suggesting that photoluminescence of (AuCys)n β is related to this structural motif. The layers are detectable both in the dry powder and in the aqueous suspension of (AuCys)n β , first and second orders of the peaks are clearly observable. The peak positions in the two states show only slight differences, indicating that the layered structure of (AuCys)n β is preserved in the absence of water. This might be a consequence of the rigidity of the ligand molecules. In the case of GSH, which is a more flexible ligand, hydrogel nature of the assemblies has been observed [29] . In contrast to this, (AuCys)n β shows a nanoparticle-like behavior.
The low-q scattering of particulate systems is characterized by the so-called Guinier approximation, i. e. the scattering curve can be described by the following function:
where I 0 is the extrapolated value of the scattered intensity at zero scattering angle (also called the forward scattering) and R g is the radius of gyration, a quantity describing an average linear dimension of the scatterer objects -particles, proteins, etc.
After the Guinier region, the so-called Fourier range is found, which characterize the shape of the scatterers. The small-angle scattering pattern of particulate systems ends with the Porod region, where the scattering curve can be approximated with a negative power q, the exponent describing the roughness of the surface of the particles.
In the special case of lamellar particles, i. e. when one dimension of the scattering objects is much smaller than the other two, scattering in the Fourier region can be described by the formula
where R t is a radius of gyration-like quantity describing the thickness of the lamellae and G is a scaling factor. This function is formally very similar to the Guinier approach, thus a generalized version can be written:
where n is the dimensionality of the quantity of which the radius of gyration is to be determined:
in the lamellar case n=1, since we are dealing with a thickness. In the traditional Guinier case n=3
since the radius of gyration of a three-dimensional object has to be found, and case n=2 corresponds to the cross-section of infinitely long columns.
B. Hammouda introduced an empirical model to unify Guinier-like and power-law scattering by constraints of continuity in the curve and its first derivative [30] . In the case of (AuCys)n β , the curve starts with a q -2 power-law, which later turns down, indicating a case for lamellae. At larger angles another power-law can be found. Our fitting function therefore looks as
The thickness of the lamellae can be calculated as
From the slope of the curves in the region of small angles, the presence of nanometer-sized sheets with an estimated thickness of 8 nm can be deduced (see Figure S7 ). FFTEM has been applied to visualize the products (see inset in Figure 2 ). Flat entities with a thickness of several nanometers have been observed, which is in accordance with the SAXS results. Peaks corresponding to distances close to 0.3 nm can be detected in the SWAXS curves of the dry samples, which are characteristic of the aurophilic bonds [8, 9, 31] .
The formation of supperlattices is a feature of gold compounds. The phenomenon has been reported in several cases including the case of bovine serum albumin coated GQCs in lipids, Au + -thiobarbiturate, and Au-GSH species [11, 29, 32] . Regarding the latter, it has been concluded that the layers consist of hexagonally arranged gold and sulfur atoms with arrays of the peptide ligands bulging perpendicularly to the plane [29] . In other works on Au-thiolates such as Au-thiomalate or Au-phenylthiolate, zigzag shaped chains of the polymers with and alternating arrangement of ligand molecules have been proposed [13, 32, 33] . Luminescent gold(I) acetylides with the same shape have been reported [34] . Since Cys is related to GSH, we have examined both the hexagonal and the zigzag chain form of (AuCys)n β via molecular mechanics. Results have shown that in the former case, the average interlayer distance between the hexagonal layers is approximately 1.0 nm on average (see Figure S8) . Assuming that the layers are built up by zigzag polymers held together via aurophilic bonds (Figure 3) , an interlayer distance of 1.3 nm has been obtained, which matches the characteristic distance measured via the SAXS method. Thus, we can conclude that the zigzag chain arrangement is a more realistic approximation for the structure of (AuCys)n β . It is worth noting that the presence of intra-and interlayer hydrogen bonds can be observed, which are responsible for the arrangement of ligand molecules. This is analogous to the formation of cysteine networks on Au(111) surfaces [35] . Furthermore, hydrogen bonds also play an important role in the stabilization of the aurophilic assemblies. In the case of proteins and peptides, the peptide backbone is responsible for a similar effect. The formation of long polymer chains, however, is limited due to peak corresponding to the multilayer structure measured via time-resolved SAXS.
(B)
Two-dimensional plot of the SAXS spectra measured at 25°C.
We have studied the (AuCys)n α → (AuCys)n β transformation via photoluminescence spectroscopy and time-resolved SAXS, shown in Figure 4 . At 25°C, photoluminescence reaches a saturation after eight hours of incubation. As the temperature increases, rapid formation of (AuCys)n β can be 1 Investigation of the samples via time-resolved SAXS for longer time periods at high temperatures is problematic due to the fragilty of the borosilicate capillaries. observed, and higher intensity values can be achieved. At 50°C, saturation is reached in less than four hours, and at 75°C, the highest emission intensity can be observed within two hours, suggesting an optimal set of parameters. In the latter case, however, a slow decomposition of the product takes place. SAXS patterns obtained at different time points show a tendency similar to that of the corresponding curves obtained by photoluminescence spectroscopy: the X-ray scattering peak appears and its intensity increases in line with the emission intensity. Based on the acquired data, the calculated correlation coefficient is 0.9208. This suggests a strong positive correlation between the multilayer structure and the emission properties. It is known that the source of the photoluminescence is the aurophilic network [8, 9] . Here, the netwok is located within the layers.
Thus, it is a reasonable question how this correlation occurs. In order to obtain an answer for this,
we have applied molecular mechanics.
A B Figure 5 . The alignment of (AuCys) 5 Simulations have pointed out that the aggregation of (AuCys)n chains is favoured in aqueous phase due to the formation of hydrogen bonds. This is a reasonable explanation for the low solubility of the product. Without the introduction of Au-Au bonds, however, a randomly arranged network, shown in Figure 5A , can be observed instead of the multilayer structure. It is presumable that this corresponds to the non-luminescent (AuCys) n α form. Layers can only form in the presence of aurophilic interaction, as shown in Figure 5B The spontaneous nature of the self-assembly is a consequence of the molecular structure of Cys.
With only a single amino and a single carboxyl groups in a ligand molecule, the uniformity of the interlayer cysteine bridges is ensured. In the case of GSH, there number of permutations is much higher. Therefore, the spontaneous formation of a highly ordered structures is not favoured.
According to the literature, aggregation induced emission of Au-GSH can be observed in the presence of aggregating agents, such as ethanol or Cd 2+ ions [15] . This is an additional difference between the two systems. The hydrogen bonds predicted via simulations have been detected by FTIR spectroscopy. It is known that in L-cysteine is in a zwitterionic form in a wide pH range [36] . The charged state of the amino and carboxyl groups can be observed in the FTIR spectrum: FTIR bands of the NH3 + groups can be observed in the range of 2630 to 2650 cm -1 , and that of the COO -groups are detectable between 1500 and 1600 cm -1 [37] . In the FITR spectrum of (AuCys)n β , shown in Figure 6A , an additional strong band appears at 1645 cm -1 , which can be assigned to strongly hydrogen bonded carbonyl νC=O vibrations [37, 38, 40] . This leads to the conclusion that the ligand molecules in (AuCys)n β show a mixed behavior. There are non-dissociated amino and carboxyl groups which are hydrogen bonded, but there are also functional groups in the ionic form. This is a consequence of the distortion of the electronic structure in Cys, which takes place due to the formation of the S-Au bond. The latter, however, can be detected indirectly via FTIR spectroscopy: the band corresponding to the S-H vibrations is observable in the spectrum of L-Cys at 2554 cm -1 [37] [38] [39] , but it is absent in the case of (AuCys)n β . Based on the molecular mechanics simulations, we can assume that both interlayer cysteine bridges are present in the product due to concomitant hydrogen bonds and electrostatic interaction ( Figure 6B ), resulting in the stabilization of the aurophilic assemblies. Salt bridges, however, are responsible for the self-assembly of gold nanoparticles in the presence of L-cysteine [41] . It is also worth noting that in the experiments with thioglycolic acid and thioglycerol the formation of orange-emitting products was negligible (see Figure S9 ), which emphasizes the importance of amino groups in the stabilization of the supramolecular structure.
Conclusions
The physico-chemical characterization and molecular mechanics simulations can provide the exploration of the peculiar properties of a novel photoluminescent product, (AuCys) n β , which has a multilayer superlattice structure with a characteristic periodic distance of 1.3 nm. Especially, the Xray scattering, extended from the small to wide angle regime, is appropriate to reveal the structural characters which appear in both the atomic and nanometer levels. We have observed a well-ordered aurophilic networks of zigzag shaped (AuCys)n polymers instead of the earlier proposed hexagonal sheets of S and Au atoms in the case of Au-GSH hydrogels.
The orange emitting (AuCys) n β is a promising nanomaterial for further, mild reduction based strategies in the development of novel biocompatible, hydrophilic GQCs. In contrast to the ethanolor Cd
2+
-induced formation of luminescent Au-GSH aggregates, the photoluminescent (AuCys) n β product forms simultaneously. Furthermore, unlike the former, (AuCys) n β shows a nanoparticle-like colloidal behavior independent of the pH of the system. These observations point out that differences in the molecular properties of the ligands, such as the rigidity and the number of hydrogen bond donors and acceptors, lead to major differences in the supramolecular behavior of the corresponding gold compounds.
By the combined application of photoluminescence spectroscopy and time-resolved small-angle X-ray scattering, a strong correlation was found between the presence of the multilayer structure and the photoluminescence emission. Molecular mechanics simulations have revealed that the correlation is a consequence of the simultaneous aggregation of (AuCys) n chains at the single-and the multilayer level. Both the 2D and 3D structures are stabilized via hydrogen bonds and salt bridges between amino and carboxyl groups, which are responsible for the intra-and interlayer interactions. Thus, the combination of photoluminescence spectroscopy and SAXS can provide information on the supramolecular processes in the case of gold compounds. Moreover, our results suggests that the fine-tuning of the optical properties can be achieved by engineering the nanostructure.
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